Cadmium toxicity can disturb brain chemistry leading to depression, anxiety, and weakened immunity. Cadmium disturbs the neurotransmitter dopamine, resulting in low energy, lack of motivation, and depression, which are predisposing factors for violence. The purpose of this study was to evaluate the ameliorative effect of grape seed extract (GSE) on the brain of 40 male albino rats after exposure to cadmium chloride (Cd) toxicity. The rats were separated into either the control group, the Cd group, the GSE group, or the GSE and Cd mixture (treated) group. The cerebrum showed evidence of degeneration of some nerve fibers and cells. Fibrosis, vacuolations, and congestion in the blood vessels were demonstrated. Satelletosis was located in the capsular cells. Immunohistochemical expression of Bax was strongly positive in the Cd group and decreased in the treated group. These histopathological changes were decreased in the brain tissue of the treated group, but a few blood vessels still had evidence of congestion. Cadmium administration increased the level of MDA and decreased MAO-A, acetylcholinesterase, and glutathione reductase (GR), while the treatment with GSE affected the alterations in these parameters. In addition, cadmium downregulated the mRNA expression levels of GST and GPx, while GSE treatment normalized the transcript levels. The expression of both dopamine and 5-hydroxytryptamine transporter was downregulated in the rats administered cadmium and the addition of GSE normalized the expression of these aggression associated genes.
Introduction
Domestic violence is widely distributed throughout the world and can occur in the streets, in houses, in schools, in workplaces, and in institutions. More than 1.6 million citizens have lost their lives and other suffered injuries due to domestic violence. Violence is among the leading causes of death for people aged 15-44 years worldwide and accounts for approximately 14% of deaths among men and 7% of deaths among women. 1 Cadmium (Cd) is a highly toxic element and is naturally spread in the environment. Cd is produced Neuroprotective effect of grape seed extract against cadmium toxicity in male albino rats as an end product during the manufacture of other metals such as zinc, lead, and copper. Cd is mainly used for industrial products such as batteries and as coating for some metals and pigments. 2, 3 The element is also present in cigarette smoke, which represent a significant source of exposure, 4 causing toxicity and is considered a source of domestic violence. 5 Cd causes alteration in a variety of organs including the lung, brain, testis, kidney, liver, blood system, and bone. 6, 7 High Cd levels rarely affect humans but lead to serious central nervous system alterations, such as encephalopathy, peripheral neuropathy, and hemorrhage. 8, 9 Subclinical Cd poisoning from chronic low-level Cd exposure remains a major health problem, especially in workers in large industrial factories. 10 Cd can affect different parts of the central nervous system in albino rats. These alterations have been reported in previously published studies. [11] [12] [13] [14] Cd causes the depletion of glutathione and protein-bound sulfhydryl groups, which leads to accelerated production of reactive oxygen species (ROS) such as superoxide ion, hydroxyl radicals, and hydrogen peroxide. 15 The toxic effect of Cd is mediated through oxidative damage to cellular organelles by inducing the generation of ROS, which leads to lipid peroxidation, membrane protein damage, and malfunction of the anti-oxidant system. Cd exposure leads to DNA damage which in turn affects gene expression and apoptosis. 16 If cells are not repaired following Cd-induced ROS they undergo apoptosis or necrosis. 17 Grape seeds can be processed for the production of grape seed extract (GSE). 18 GSE is a good source of flavonoids, which are potent antioxidant. 19 GSE contains numerous compounds called polyphenols which contain dimers, trimers, and other oligomers (procyanidins) of catechin and epicatech. All of these compounds are types of proanthocyanidins. 20 These compounds protect the body against atherosclerosis, gastric ulcer, large bowel cancer, cataracts, and diabetes. Proanthocyanidins are potent antioxidants and have cytotoxicity against a variety of tissues such as human breast tissue, lung tissue, and stomach gastric mucosa. 21 Bioflavonoid and proanthocyanidins have been prepared for use in medicinal and pharmacological products. 22 These compounds have antioxidant, anticancer, anti-inflammatory, antibacterial, antiviral, and immune stimulant activities. These compounds inhibit some enzyme activities such as phospholipase A2, cyclooxygenase, and lipoxygenase. 23 The aim of this study is to evaluate the effect of cadmium chloride toxicity on the brain of rats and examine the possible ameliorative effect of GSE on the Cd-induced brain alterations.
Methods

Chemicals
Cadmium chloride was purchased from Sigma (St. Louis, MO, USA). GSE was purchased from GNC standard commercial suppliers in Jeddah, Kingdom of Saudi Arabia. GSE (formerly Grape Seed PCO Phytosome 50-120 tabs) was obtained from Health Genesis Corp. (Bay Harbor Island, FL, USA).
Animals
Male albino rats were purchased from the King Fahd Experimental Center in King AbdulAziz University, Jeddah, Kingdom of Saudi Arabia. All of the animal procedures were approved by the Ethical Committee Office of the scientific dean of Taif University, Kingdom of Saudi Arabia.
Experimental design
The animals were divided into four groups (10 male albino rats per group, at approximately 200 gm each rat) Group I was fed on a balanced diet and was used as a control for 3 months.
Group II was administered 15 mg cadmium chloride /kg body weight/day dissolved in drinking water for 3 months.
Group III was administered 400 mg GSE /kg body weight/day dissolved in drinking water for 3 months.
Group IV was given a mixture of 400 mg GSE diluted in tap water in addition to 15 mg cadmium chloride /day dissolved in drinking water for 3 months.
At the end of the experiments, the brains were collected for RT-PCR, histopathological, and immunohistochemical studies. Serum samples were collected and kept in −20°C for biochemical analysis
Serum analysis
Catalase, GR, GP, and MDA were measured using commercial spectrophotometric analysis kits (Bio-Diagnostic Company, Giza, Egypt). The MAO and acetylcholinesterase (AChE) levels were measured using ELISA commercial kits (San Diego, CA, USA). All of the procedures followed the manufacturers' instructions.
Gene expression
RT-PCR analysis of the following genes was performed and the expression levels semi-quantified: GST, GPx, MAO-A, dopamine (DD2R), 5-hydroxytryptamine transporter (5-HTT), and AChE.
RNA extraction, complementary deoxyribonucleic acid (cDNA) synthesis and semi-quantitative PCR analysis
Total RNA was extracted from the brain tissue samples described previously. 24 The RNA concentration and purity were determined spectrophotometrically after measuring the OD at 260 and 280 nm. The RNA integrity was confirmed after running in 1.5% denaturated agarose gel stained with ethidium bromide. The 260/280 optical density ratio of all of the RNA samples was 1.7-1.9. A mixture of 3 µg total RNA and 0.5 ng oligo dT primer (Qiagen Valencia, CA, USA) was used for cDNA synthesis in a total volume of 11 µL using sterilized DEPC water and incubation in the Bio-Rad T100TM Thermal Cycle at 65°C for 10 min for denaturation. Next, 2 µL of 10X RT-buffer, 2 µL of 10 mM dNTPs, and 100 U Moloney Murine Leukemia Virus (M-MuLV) Reverse Transcriptase (SibEnzyme. Ak, Novosibirsk, Russia) were added and the total volume was adjusted to 20 µL with DEPC water. The mixture was then re-incubated in Bio-Rad thermal cycler at 37°C for 1 h, and then at 90 °C for 10 min to inactivate the enzyme. For semi-quantitative RT-PCR analysis, specific primers for the examined genes (Table 1) were designed using the Oligo-4 computer program and were synthesized by Macrogen (Macrogen Company, GAsa-dong, Geumcheon-gu, Republic of Korea). PCR was conducted in a final volume of 25 µL consisting of 1 µL cDNA, 1 µL of 10 pM stock of each primer (forward and reverse), and 12.5 µL PCR master mix (Promega Corporation, Madison, WI, USA), the volume was adjusted to 25 uL using sterilized, deionized water. The PCR was carried out using Bio-Rad T100TM Thermal Cycle with a cycle sequence of 94°C for 5 min for one cycle, followed by 31 cycles (Table 1) consisting of denaturation at 94°C for 1 min, annealing at the specific temperature corresponding to each primer (Table 1) and extension at 72°C for 1 min with an additional final extension at 72°C for 7 min. As a reference, expression of glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was examined ( Table 1 ). The PCR products were visualized under UV light after electrophoresis on a 1.5% agarose (Bio Basic, Markham, ON, Canada) gel stained with ethidium bromide in TBE (Tris-Borate-EDTA) buffer. The PCR products were photographed using a gel documentation system. The intensities of the bands were quantified densitometrically using Image J 
Histological techniques
Different brain sections were collected and processed for general and special histological stains following previously published protocols. 25 
Immunohistochemical techniques
The sections were deparaffinized in xylene and were dehydrated through graded concentrations of ethanol. After blocking the endogenous peroxidase activity with 3% hydrogen peroxide for 15 min, the sections were heated in 0.01 mol/L citrate buffer in a microwave pressure cooker for 20 min. The slides were allowed to cool to room temperature, and the non-specific binding was blocked with normal horse serum for 20 min at room temperature. The sections were further incubated with the primary antibody against bax (Mouse monoclonal, Clone 2D2, Neomarkers, Fremont, CA, USA). The sections were then stained using an avidin-biotin complex (ABC) by the immunoperoxidase technique employing commercially available reagent (ABC kit, Labvision, Fremont, CA, USA); for demonstration of binding sites, ABC chromogen was applied. Phosphate buffered saline was used for rinsing between each step and finally all sections were counterstained with Mayer's hematoxylin. 26 
Results
Effect of cadmium chloride on serum levels of malondialdehyde (MDA) and glutathione reductase (GR) in male albino rats
Chronic administration of cadmium chloride for 3 months showed increased MDA levels (Figure 1a ). GSE was shown to decrease MDA levels and prior treatment reduced the increase in MDA levels reported in the cadmium group. The activity of antioxidants in rats was significantly decreased after cadmium administration. GSE increased the GR levels and prior treatment normalized the decrease in the GR levels (Figure 1b ).
Effect of cadmium chloride on the mRNA expression of glutathione-S-transferase (GST) and peroxidase (GPx) in the brain tissue of male albino rats
As seen in Figure 2 , cadmium administration for 3 months downregulated the mRNA expression of GST and GPx. The expression level was ameliorated after prior treatment with GSE. 
Effect of cadmium chloride on the serum levels of monoamino oxidase-A (MAO-A) and MAO-A expression in the brain of male albino rats
Cadmium administration decreased MAO-A mRNA expression and protein levels which were normalized by the addition of GSE. In addition, GSE increased MAO-A levels (Figure 3 ).
Effect of cadmium chloride on the serum levels of AChE and AChE expression in the brain of male albino rats
Cadmium administration decreased AChE mRNA expression and protein levels which were normalized by the addition of GSE (Figure 4 ).
Effect of cadmium chloride on the mRNA expression of DD2R and 5-HTT in the brain tissues of male albino rats
The expression of both DD2R and 5-HTT downregulated in the cadmium administered rats. Prior treatment with grape seed was normalized 5-HTT expression. Cadmium administered increased DD2R expression and prior treatment reduced the cadmium-mediated DD2R (Figure 5 ).
Histopathological and immunohistochemical findings
The histological structure of the control and GSE groups revealed normal brain structure. The gray matter of the adult male albino rats presented with the well-organized regularly arranged six layers, consisting of nerve cells of different sizes and shapes. The normal pattern of the white matter consisted of homogenously stained nerve fibers running down the cortex (Figure 6a ). The nerve cells were different shapes and sizes and were distributed throughout the gray matter. Positive immunostaining for Bax was seen in the nerve cells and the mesothelial cells of the pia maters (Figure 6b ). The brain tissue of the Cd group contained congested blood vessels in the brain and meninges (Figure 7a ). Degeneration was reported in some nerve cells with pyknotic nuclei and fibrosis in the white matter nerve fibers (Figure 7b ). Multiple small vacuoles accumulated as circumscribed areas in the architecture of the brain tissue that replaced the nerve cells (Figure 7c ). Immunohistochemical analysis of Bax revealed numerous and strongly positive nerve cells (Figure 7d ). Satelletosis was present in the capsular cells around the nerve cells. Congestion was present in some blood vessels (Figure 7e ). The brain tissue of the treated group showed improvement in the brain tissue but some lesions persisted. Congestion was evident in the meningeal blood vessels (Figure 8a) . The nerve cells and fibers were arranged in the architecture of the brain tissue (Figure 8b ). Positive immunostaining for Bax was seen in a few nerve cells and mesothelial cells of the pia maters (Figure 8c ).
Discussion
Large factories can release Cd causing air and water pollution. Cd exposure can lead to numerous health issues such as lung tissue damage, digestive disturbance and disorders, reproductive problems and infertility, CNS disorders, and may lead to cancer. 27 Cd pollution leads to the release of free radicals which result in oxidative deterioration of body lipids and proteins. In addition, Cd exposure can lead to the production and activation of procarcinogens which have been implicated in diseases development. 28 High dose of Cd was shown to be toxic to the brain, [11] [12] [13] [14] 29, 30 causing congestion and edema of the blood vessels of the central nervous system via its effect on the endothelial lining. These findings augmented our work, showing that Cd caused blood vessels congestion and degeneration of the nerve cells and fibers. Cd toxicity alters the permeability of the blood-brain barrier. 31 The examined brain tissue showed congestion in the meningeal blood vessels, degeneration of the nerve fibers and cells, and fibrosis in the cerebrum and cerebellum due to accumulation of Cd in the choroids plexus at concentrations higher than was present in the cerebrospinal fluid (CSF) and brain tissues. Cd can destroy the nerve cells, oligodendrocytes, and nerve fibers in the white matter of the cerebellum. 32 In the current work, Cd was shown to decreased AChE levels; conversely, a previous study, 33 reported that Cd increased brain AChE activity and decreased the total brain antioxidant status in adult male rats. AChE (EC 3.1.1.7) is an enzyme involved in cholinergic neurotransmission. This enzyme also has non-cholinergic functions as it is released with DD2R from dopaminergic neurones, implying an important interaction between these two molecules. 34 Cd toxicity occurs via the inhibition acetylcholine release through the alteration calcium metabolism. The neurotoxic effect of Cd leads to the appearance of neurochemical and behavioral changes 35, 36 and can also lead to alterations in neurochemical mediators. 37 The neurotoxic effect of Cd on the peripheral nervous system leads to degeneration of both the cells and fibers which leads to polyneuropathy (PNP). 38 Cd increased the incidence of apoptosis via increased expression of Bax as determined by immunohistochemistry in the nerve cells. GSE treatment significantly decreased the incidence of apoptosis. Bax depolarizes mitochondria and induces the release of cytochrome c through openings in the outer membrane formed as a consequence of the permeability transition and loss of the mitochondrial membrane. GSE has potent antiapoptotic properties in various tissues via suppression of pro-apoptotic proteins. [39] [40] [41] [42] [43] Cd was shown to decrease expression and the serum level of MAO-A while GSE treatment normalized the expression and the serum level.
MAO has two forms (MAO-A and MAO-B) encoded by different genes, 44 and both have different substrate and inhibitor specificities. 45 MAO-A oxidizes serotonin (5-hydroxytryptamine ) and is irreversibly inhibited by low concentration of clorgyline neurodevelopment toxicity. This toxicity includes interference with cell adhesion molecule, resulting in the misfiring of the CNS during early development and destruction of the bloodbrain barrier leading to brain dysfunction, edema, nerve cell degeneration, loss of neurons, and gliosis. 46 The interaction between cadmium and calcium or zinc results in interference with neurotransmission at the synapse level. These interactions induce synergistic toxicity in astrocytes which disrupts the BBB causing behavioral dysfunction in rats. 47 The catabolism of neuroactive amine was shown to be controlled by MAO. 48 Cd toxicity of the cerebrum can impair brain function and decrease the activity of MAO-A. Cd toxicity causes numerous health hazards in addition to the neurological and genetic disorders that can lead to violence and brain dysfunction. 49 The antioxidant activity of rats was decreased significantly after cadmium administration. GSE increased GR levels and prior treatment normalized the decrease in GR levels. In addition, Cd downregulated the expression of GST and GPx while GSE normalized their expression. Cd exposure also resulted in a decreased GSH/GSSG ratio as well as the activities of GR and glucose-6-phospate-dehydrogenase (G6PDH) in various brain regions. However, the decrease in GSH/ GSSG was not seen in the hippocampus and midbrain. 50 Elevated ROS production, thiol and GSH reduction, and an increased GSSG level were reported. SOD, CAT, GST, GR, GPx, and G6PDH activities were diminished. These results are indications of oxidative impairment.
DD2R and 5-HTT was downregulated in the cadmium-administered rats. Prior treatment with GSE normalized 5-HTT expression. Cadmium administration increased DD2R expression and prior treatment downregulated the cadmium induced increase.
The serotonin transporter (SERT or 5-HTT) is a type of monoamine transporter protein that transports serotonin from the synaptic cleft to the presynaptic neuron. Serotonin (5-HT) controls a wide range of biological functions. In the brain, the role of serotonin as a neurotransmitter has been extensively studied. 51 A key protein involved in 5-HT clearance is the membrane-bound 5-HT transporter (5-HTT), which is responsible for cellular internalization of the bioamine. 52 In humans, dopamine receptor D2, also known as D2R, is encoded by the DRD2 gene. Activation of the D2 autoreceptor protected dopamine neurons from cell death induced by a toxin mimicking Parkinson's disease pathology. 53 Cadmium caused an increase in MDA levels. GSE decreased MDA levels and prior treatment reduced the increase in MDA levels reported in the cadmium group. The antioxidants activity of rats was decreased significantly after cadmium administration. GSE increased GR levels and prior treatment normalized the decrease in the GR levels.
The levels of free radicals are responsible for cell growth and maturation and affect cell components such as lipids, proteins, carbohydrates, and nucleic acids. 54, 55 Free radicals oxidize polyunsaturated fatty acids (PUFAs) and hydroxyl (OHS), peroxyl (ROS), and alkoxyl (ROOS) groups. The cell membrane susceptible to attack from free radicals which leads to lipid oxidation. 56 Malondialdehyde (MDA) is used as an indicator for cell membrane injury. MDA is a secondary product of lipid peroxidation due to attack by free radicals and reactive oxygen. 57 When RBCS membranes were exposed to Cd toxicity, lipid peroxidation increases. MDA is used as an indicator for oxidative damage in different organs including the brain and testis. 58, 59 GSE is major source of polyphenols, more specifically polyhydroxylated flavan-3-ols which is used for the control of different pathophysiological alterations such as homeostasis, inflammation, and detoxification. GSE can also be used in the treatment of cancer and weight loss attributed to metabolic disorders. 60
Conclusion
Cadmium toxicity has a neurotoxic effect in the cerebrum represented as alterations in brain structure and function. These alterations were considered as predisposing factors for violence. Treatment with GSE can ameliorate these alterations and can lead to improved mental activity.
